In the framework of solar flare/coronal mass ejection theory, we propose a theoretical model for magnetar giant flare, which can explain the flaring activity on 2004 December 27 from SGR1806-20 comprehensively. As is the case with solar flare, explosive magnetic reconnection in magnetosphere takes a major role in the energetics of magnetar flare. However, cooling and energy transport processes in magnetar flare differ from those in solar flare essentially. In the magnetar flare, radiative cooling determines the flare temperature. Furthermore, released magnetic energy is transported by photon flux unlike electron heat conduction in solar flare. Then incident heat flux drives the baryonic mass evaporation from the crustal surface of magnetar. We find that the temperature and evaporating baryonic mass in flaring activity of magnetar are described by simple scaling relations. Applying the magnetic reconnection model to the giant flare on 2004 from SGR1806-20, the difference of the released energy between preflare and main burst phases is explained by the volume difference of the active region. In addition, our model predicts that the evaporating bayonic matter in the preflare phase is the origin of the expanding ejecta observed in assocication with the giant flare from SGR1806-20.
1. INTRODUCTION There has recently been growing evidence that soft gammaray repeaters (SGRs) and anomalous X-ray pulsars (AXPs) are a same population of ultra-strongly magnetized neutron stars (B 10 14 G), so called Magnetar (Duncan & Thompson 1992; Harding & Lai 2006) . Activities in these objects are powered by dissipation of strong magnetic field unlike rotation-powered pulsars and accretion-powered X-ray binaries. Both SGRs and AXPs generally undergo quiescent phase with persistent X-ray emission and recurrent phase of soft gamma-ray (Mereghetti et al. 2004) . Typical luminosities of the persistent X-ray and the bursting gamma-ray emissions are L x ∼ 10 33 -10 35 ergs s −1 and L γ ∼ 10 38 -10 41 ergs s −1 (Kaspi et al. 2003; Woods & Thompson 2006) . In contrast to the common short burst, giant flare with enormous energy and long bursting duration is exceptionally observed from SGRs. These are the most energetic galactic event currently known (∼ 10 44 -10 47 ergs). Only three of giant flares have been observed: SGR0526-66 on 1979 March 5 (Mazets et al. 1979) , SGR1900+14 on 1998 August 27 (Hurley et al. 1999; Kouveliotou et al. 1999; Feroci et al. 2001; Tanaka et al. 2007) , and SGR1806-20 on 2004 December 27 (Hurley et al. 2005; Palmer et al. 2005; Terasawa et al. 2005) .
The giant flare on 2004 December 27 from SGR1806-20 is the most recent and energetic one. It is characterized by a ultra-luminous hard spike, with energy 10 46 ergs, lasting ∼ 0.1 sec, which decay rapidly into a soft pulsating tail lasting hundreds of second. The spectrum of the hard spike is explained by a single blackbody with temperature ∼ 10 9 K. In addition, preflare activity with total energy ∼ 10 41 ergs and duration ∼ 1.0 sec is detected 142 sec before the main burst. Its spectrum is also fitted by a single blackbody with the temperature ∼ 10 8 K (Boggs et al. 2007 ).
Expanding radio emitting ejecta is observed in association with giant flare on SGR1806-20 (Taylor et al. 2005; Cameron et al. 2005; Gaensler et al.2005) . It has been well explained by the synchrotron emission from the baryonic shell of mass 10 24.5 g and expansion velocity ∼ 0.4c, assuming that it is roughly spherical (Gelfand et al. 2005; Granot et al. 2006) . The origin of the baryon-load in the ejecta is, however, not revealed in the context of existing magnetar model (Thompson & Duncan 1995) . We should construct a magnetar model explaining the flare/mass ejection activity comprehensively.
Analogous mass ejection events are observed accompaning with solar flare, that is called coronal mass ejection (CME). Observational features of solar flare/CME are very similar to that in magnetar giant flare (Lyutikov 2006) . Even specifically, the initial spike and subsequent tail emission of magnetar seem to correspond to impulsive and decay phases of solar flare respectively. Here we propose, in the framework of solar flare/CME theory, a theoretical model for magnetar giant flare which can explain the flaring activity of SGR 1806-20.
MAGNETIC RECONNECTION MODEL
Magnetic reconnection is believed to be the primary energy release mechanism for solar flares (Parker 1963; Petschek 1964) . The observational evidence, such as cusp-shaped loops in the soft X-ray and the hard X-ray sources above the soft Xray loops, support this model that predicts the primary site of the energy release above the soft X-ray loops (Tsuneta et al. 1992; Masuda et al. 1994) . The discovery of escaping plasmoids from flare sites is another evidence for this model because the theory predicts ejection of plasma from the reconnection site (Shibata et al. 1995; Ohyama & Shibata 1997) .
During the flare, chromospheric evaporation occurs (Neupert 1968; Hirayama 1974) . It is an ablation of chromospheric plasma by the energy release through the magnetic reconnection and transported by heat conduction and/or by non-thermal electrons. The observational discoveries of blueshifted component of the soft X-ray spectral lines and moving plasma in soft X-ray images, confirm the upward motion of the ablated plasma predicted from this model (Feldman et al. 1980; Culhane et al. 1992; Doschek et al. 1992; Savy 1997 ). Shibata & Yokoyama (1999; hereafter SY99) propose magnetic reconnection model for solar flares in order to explain the observed flare temperature and coronal density on flaring phase (Feldman et al. 1995) . They point out that the observed flare temperature is derived from the energy balance equation between reconnection heating and conductive cooling. Furthermore, the coronal density can be obtained by equating conductive heating with evaporation cooling of chromospheric plasma (see also, Shimojo et al. 2001; Miyagoshi & Yokoyama 2003) . It is important that the scaling relation of flare temperature and coronal density, which is constructed in the context of this magnetic reconnection model, can explain the observations very well (see also Yokoyama & Shibata 1998 . In this section, we apply this magnetic reconnection model for solar flares to the situation of magnetar flare.
Energy and Temperature of Magnetar Flare
We firstly derive basic equations that characterize the typical energy E flare and temperature T flare of magnetar flare. Consider a situation in which the magnetic fields in magnetosphere are reconnected and magnetic arcade loops are formed. Then the numerous magnetic energy is released by the explosive magnetic reconnection. This situation is summarized in figure 1 schematically. Figure 1a is a detailed picture of a single flare loop formed by a magnetic reconnection. Here, multiple flare loops are assumed to be formed during magnetar flare as depicted in Figure 1b .
Based on the magnetic reconnection model for solar flare, the release rate of the magnetic energy by the magnetic reconnection ≈ E rec /t rec is obtained from the following equation;
(e.g., Priest & Forbes 2000) where E rec is the released energy, t rec is the typical timescale of the reconnection, F mag is the released flux of magnetic energy, and A is the typical area of reconnection layer. Using the magnetic energy density B 2 /4π and the inflow velocity V in , the energy flux F mag is given as
(Priest & Forbes 2000). The area of the reconnection layer A is generally given as A = LW with typical height of reconnection point L and typical width of a flare loop W if we consider the energy release in a single flare loop (see figure 1a) . However, in this paper, the multiple flare loops are considered. We thus express the typical area A as A ≈ LR with the typical size of active region R (see fig 1b) . Since the typical reconnection time is determined by the relation t rec ≈ L/V in , the released magnetic energy is rewritten by eliminating the inflow velocity in equation 1 as
This can be the flare-released energy, that is E flare ≈ E rec . In solar flares, the flare temperature is controlled by the balance between the reconnection heating and the conductive cooling (SY99). However, radiative cooling dominates over the conductive cooling in magnetar flare (see § 4.1). The flare temperature of magnetar is thus determined by the balance between the reconnection heating and the radiative cooling.
Considering that blackbody cooling retains the thermal balance of the system, the balance equation is, with the flare duration ∆t,
where σ B is the Stefan-Boltzmann constant. Therefore, the flare temperature T flare is, from equations (3) and (4),
Baryonic Mass Evaporation during Magnetar Flare
After the beginning of flaring activity, in solar flare, the energy released by the reconnection is rapidly transported to the top of chromosphere by heat conduction and heats the chromospheric plasma suddenly. Then its plasma pressure increases enormously and drives the upward flow into the reconnected magnetic loop, creating a hot dense flare loop. This is the "chromospheric evaporation" (Hirayama 1974; Sylwester 1996; SY99) . Note that even if the energy transport is due to (non-thermal) electron beams, the evaporation occurs since the thermal equilibrium is eventually established by the heat conduction after the electron beams are thermalized. Analogous evaporation process is expected to be driven in magnetar flare (Liu et al. 2002 in application for accretion disk).
In magnetar flare, the photon should play an important role in the heat transport unlike the solar flare dominated by the electron heat conduction. This is because the mean free path of the electron is very short and it should thermalize instantaneously in the magnetosphere. The incident radiative heat flux should thus counterbalance with the outgoing enthalpy flux of the evaporation flow. Considering a flare with the total energy E flare and the duration ∆t, the number density of the evaporation flow n ev is obtained from following simple equation;
where F heat = E flare /(4πR 2 ∆t) is the released heat flux, h is the specific enthalpy of composite gas of baryonic matter and radiation field, and v ev is the upward velocity of evaporation flow. In the thermal equilibrium condition, specific enthalpy h of the evaporating gas is (Mihalas & Mihalas 1984) where k B is the Boltzmann constant, and c is the speed of light, and α is the ratio of radiation and gas pressures. The upward velocity of evaporation flow v ev would be comparable to the sound speed of the composite gas C s (Shimojo et al. 2001) ; (Mihalas & Mihalas 1984) where m p is the proton mass. For given parameters E flare , ∆t and R, we can obtain T flare , v ev , α and n ev by iteratively solving the coupled equations (4), (6) Figure 2a shows the flare temperature T flare , the evaporating baryonic mass M ev and the ratio of radiation and gas pressures α as a function of arbitrary parameter E flare in the case with fixed flare duration ∆t = 1.0 sec and the size of active region R = 10 6 cm. Retreading this figure, we can describe M ev and α as a form of function of derived flare temperature T flare , which is depicted in Figure 2b . Here we show the case with different flare duration ∆t = 10 −1 , 10 0 , and 10 1 sec and fixed the size of active region as R = 10 6 cm. It is found from these figures that the evaporating baryonic mass sharply depends on the flare temperature. In addition, the radiative effects on the enthalpy flux and the evaporation velocity is negligible (α ≪ 1) in the case of interest. We can thus describe the evaporating baryonic mass in the form of a simple scaling relation,
SOLAR-TYPE UNIFIED MODEL FOR MAGNETAR GIANT FLARE
Based on the magnetic reconnection model discussed above, we propose a theoretical model for magnetar giant flare. It is described as follows and depicted in Figure 3 schematically.
(a). In the preflare phase, the magnetic energy stored in the lower magnetosphere is released via the magnetic reconnection (Fig 3a) . When the typical height of the reconnection point is an order of L ∼ 10 3 cm, the released energy and the flare temperature are evaluated from equations (3) and (5),
where B 15 , R 6 , L 3 and ∆t are the field strength, the size of active region, the height of reconnection point and the flare duration in units of 10 15 G, 10 6 cm, 10 2 cm, and 10 0 sec respectively. These are consistent with the observation of the preflare activity with giant flare on 2004 from SGR 1806-20 (Boggs et al. 2006) .
(b). The photon flux rapidly transports the released magnetic energy and heats the magnetar crust suddenly. Then the pressure of the crustal matter increases enormously and drives the upward evaporation flow into the reconnected magnetic loops, creating the hot and dense prominence (Fig 3b) . The total mass of the prominence M pro is, from equation (12),
where T flare,8 is the flare temperature normalized by 10 8 K. (c). After the preflare phase, the evaporating matter is lifted up by the emerging magnetic flux expelled from the magnetar interior. Then two separated structures are formed, one is upper baryon-rich prominence and another is lower baryon-poor corona. Finally, the prominence eruption causes global field reconfigurations and triggers the main burst by explosive and global magnetic reconnection (Fig 3c) . Assuming the typical reconnection height as L ∼ 10 6 cm, the total released energy and temperature of the main burst are also obtained from equations (3) and (5),
where L 6 = L/10 6 cm and ∆t −1 = ∆t/10 −1 sec. It is found that the magnetic reconnection model can explain the energetics of main burst phase of SGR1806-20 very well (Terasawa et al. 2005) .
(d). The released energy during the main burst phase ∼ 10 46 -10 47 ergs is converted into the kinetic energy of the erupting prominence and the radiative energy of the matter trapped in the flare loops. The trapped matter is the origin of the main γ-ray spike and the following hard X-ray pulsating tail. The erupting baryon-rich prominence is observed as the radio emitting ejecta (Fig 3d) . The amount of the baryonic mass loaded in the ejecta is equivalent to the evaporated mass in the preflare phase, that is M ej ≈ M pro ≈ 10 24 g. On the other hand, the remained flare loops are filled by the evaporated baryonic matter, which is from equation (12) M main = 3.4 × 10 26 R 2 6 T 3 flare,9 ∆t −1 g .
As discussed in § 4.3, this evaporated baryonic matter is trapped by the gravitational binding energy on the magnetar surface. Our model predicts that the baryonic matter loaded in the ejecta is originated from the evaporation in the preflare phase.
4. DISCUSSION 4.1. Optical Depth and Cooling Rate One of the important assumption in our model is that the blackbody cooling becomes predominant in magnetar flaring activity. For verifying the effectiveness of this assumption, we examine the optical depth of the baryonic matter in the flare loops. The number densities of the evaporated baryonic matter in preflare and main burst phases are evaluated from equations (15) and (18) as
The Rosseland mean scattering cross-section in the direction parallel to the magnetic field is (19)- (21), the optical depths of the flare loops are
respectively. The flare loops become thus optically dense and can be treated as the blackbody sources.
Is there any possibility of the other cooling mechanisms ? We compare the physical cooling processes in the preflare phase. The energy flux extracted from the optically thick flare loops by the blackbody cooling is
There are two types of possible heat careers in the magnetosphere, one is the photon and the other is the electron. The cooling rate by the radiative heat conduction Λ r and that by the electron heat conduction Λ e are given as
where
Here κ 0 ∼ 10 −6 cgs is the Spitzer's thermal conductivity. Note that the approximation dT /dz ∼ T /L is used here. These indicate that the blackbody cooling becomes predominant in the preflare phase. Note that the same is also achieved in the main burst phase.
What is the Source Supplying the Baryonic Matter ?
In our estimation on the evaporating baryonic mass, its source is not clarified. What is the source supplying this evaporating baryonic matter ? It can be specifically baryonic material heated by direct collisions between incident high-energy photons and crustal matter of the magnetar surface. Considering that the ions are located in the center of Wigner-Seitz cell of the crustal surface, the total internal energy per nuclei is approximately described as the sum of Coulomb lattice energy T crust,6 ergs ,(28) (see Shapiro & Teukolsky 1983) where Z 26 = Z/26 is the atomic number normalized by that of iron, n crust,28 = n crust /10 28 cm −3 is the normalized crustal density, and T crust,6 = T crust /10 6 K is the normalized crustal temperature. Since the Coulomb lattice energy becomes predominant in the dense crustal surface, the total number of the evaporating nuclei N should satisfy the following equation
where l is the photon traveling depth through the magnetar crust. We can describe the crustal density distribution n crust (r) from the hydrostatic equilibrium with the surface gravity g 14 = g/10 14 g sec −2 and the pressure of a degenerate, relativistic
Fermi gas in the strong magnetic field P e ≃ π 2h2 c 2 n (Thompson & Duncan 1995) . Substituting the equation (30) into ( 
The amount of the surface material heated by the direct collision between the high-energy photon and the crustal matter is, therefore, This is consistent with the equation (12) derived in the framework of solar chromospheric evaporation theory. The photonheated material is the source supplying the evaporated baryonic matter.
Baryonic Origin: Preflare Phase v.s. Main Burst Phase
For revealing the dynamics of magnetar flare, it is important to clarify the suitable phase for supplying the baryonic matter loaded in the ejecta. There are two candidates for the baryonic matter supplying phase, that is, of course, preflare and main burst phases. The evaporating baryonic mass in each phases are described in equations 15 and 18, M pre ∼ 10 24 g and M main ≃ 10 26 g respectively. Since the observational constraint on the baryonic mass loaded in the ejecta is M ej 10 24.5 g (Gelfand et al. 2005; Granot et al. 2006) , both estimations can explain the origin of the baryon load in the ejecta. The other physical constraint, however, restricts the suitable phase for the mass loading. The gravitational binding energies of the evaporating baryonic matter are, in each phases E g,pre , E g,main , E g,pre ≃ 9.9 × 10 44 M NS T 3 pre,8 R 6 ∆t 0 ergs ,
E g,main ≃ 7.8 × 10 47 M NS T 3 main,9 R 6 ∆t −1 ergs .
We find from equation (34) that the released-energy in the main burst phase E main ∼ 10 46 ergs is much smaller than the binding energy of the evaporating matter. It should be thus trapped on the magnetar surface. It must be the preflare phase that provides the baryonic matter into the erupting ejecta. The explosive energy, released in the main burst phase, can be used for the acceleration of it.
SUMMARY
We propose a theoretical model for magnetar giant flare in the context of solar flare/CME theory. The main findings in this paper are summarized as follows.
1. The flare temperature of magnetar is determined by the balance between the reconnection heating and the radiative cooling. Since the blackbody cooling becomes predominant in magnetar flaring activity, we can describe the flare temperature with a relation T flare ∝ R −1/4 ∆t −1/4 B 1/2 L 1/2 . 2. In magnetar flare, the photon should play an important role in the heat transport unlike the solar flare dominated by the electron heat conduction. The incident radiative heat flux should thus counterbalance with the outgoing enthalpy flux of the evaporation flow. The evaporated baryonic mass is obtained from this balance equation and is given by a scaling relation M ev ∝ R 2 T 3 flare ∆t. 3. The flare-released energy depends on the volume of the active region. Assuming the size of active region as R = 10 6 cm, the preflare energy ∼ 10 41 ergs and the main burst energy ∼ 10 46 ergs are explained by the different reconnection heights L ∼ 10 3 cm and 10 6 cm respectively. 4. The baryonic matter loaded in the ejecta is supplied by the preflare activity in our theoretical model. On the other hand, the evaporated baryonic matter in the main burst phase is trapped by the gravitational binding energy on the magnetar surface.
Our solar-type theoretical model can explain the observational features of the giant flare on 2004 December 27 from SGR1806-20 very well. The agreement between the observation and our the theoretical model would be indirect evidence of magnetic reconnecti on model commonly in solar and magnetar flares.
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